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DESCRIPTION 

ELECTROMECHANICAL SWITCH 

Technical Field 
5 [0001] 

The present invention relates to a microelectromechanical systems 
switch (hereunder referred to as "MEMS" switch) and, more particularly, to an 
electromechanical switch at a low driving voltage. 

10 Background Art 
[0002] 

Semiconductor RF-switches (Radio Frequency and Micro-wave 
Switches), such as a HEMT switch, an MESFET switch, and a PIN diode 
switch which use GaAs substrate, are currently the mainstream of 

15 RF-switches. 

However, to achieve higher performance and lower power 
consumption of radio terminals, it has been proposed to utilize a device using 
microelectromechanical elements in addition to conventional semiconductor 
elements. 
20 [0003] 

This device is an electromechanical switch adapted to drive 
microelectrodes by an electrostatic force or the like and to mechanically 
control the relative distance between the electrodes thereby to perform the 
turn-on or the turn-off of signals. At the turn-on, the electrodes are electrically 
25 in contact with each other. Therefore, the loss between the electrodes is 
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extremely small and a low-loss switch can be realized. 
[0004] 

Especially, an RF-switch applied to the front end portion of a radio 
terminal requires low loss and low power consumption. Such a device using 
5 microelectromechanical elements is expected as a useful resolution method. 

Many kinds of switches using conventional electromechanical 
elements have been devised. Non-patent Document 1 covers most of such 
switches. 

[0005] 

10 For example, a switch using RFMEMS (Radio Frequency 

Microelectromechanical Systems) described in Non-patent Document 1 is 
constituted by one movable electrode and one fixed electrode. When a DC 
voltage is applied between the movable electrode and the fixed electrode as a 
drive control voltage, an electrostatic force is generated. The movable 

1 5 electrode is pulled in toward the fixed electrode using the electrostatic force 
as a driving force. The electrodes are physically in contact with each other. 
An input signal inputted from a movable-electrode-side input terminal is 
outputted to a fixed-electrode-side output terminal, so that signals are coupled. 
[0006] 

20 A method of coupling signals includes a method of bringing metal 

into direct contact with metal and a method of capacitively coupling metals 
through an insulator. Either of the methods can realize low-loss coupling. 

When the drive control voltage applied between the electrodes is 
changed to 0, the electrostatic force is canceled. The movable electrode is 
25 returned to an initial position, utilizing a spring force thereof as a driving force. 
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At that time, the distance between the movable electrode and the fixed 
electrode is sufficiently large. Thus, the capacitance value between the 
electrodes is small. Consequently, no capacity coupling therebetween 
occurs. Signals to be coupled between the electrodes can be shielded. 
5 [0007] 

Thus, when the distance between the electrodes is sufficiently large, 
the isolation therebetween can sufficiently be ensured. Also, the loss is 
extremely small. This switch excels in electrical properties, as compared with 
the RF switch using conventional semiconductors. 
10 [0008] 

Also, an MEMS switch of this kind has been proposed by Patent 
Document 1 . 

An object of the MEMS switch described in Patent Document 1 is to 
reduce a response time and an application voltage. This switch has first, 

15 second, and third beams arranged to be spaced slightly distant, and voltage 
applying means adapted to apply an electrostatic force to the beams. This 
switch is configured so that the position of each of the beams and the capacity 
between the beams are changed by the electrostatic force. Both of the first 
beam and the second beam are moved, so that the beams can electrically be 

20 coupled together at high speed. Also, to put off the beams at high speed, an 
electrostatic force is caused on the third beam that faces the second beam 
and that is preliminarily placed close to the first beam and the second beam. 
Consequently, a strong electrostatic force can be applied between the second 
beam and the third beam. Thus, this switch makes a response at higher 

25 speed. 
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[0009] 

Additionally, a same-curve-shaped part is provided in each of the 
beams. This can alleviate change in a pull-in voltage, which corresponds to 
change in the internal stress of the beam, and also can alleviate change in the 
5 beam-to-beam capacitance due to beam strain. 
[0010] 

Non-Patent Document 1: Gabriel M. Rebeiz,"RF MEMS THEORY, 
DESIGN, AND TECHNOLOGY", John Wiley & Sons, February 1, 2003, p. 122. 

Patent Document 1: JP-A-2004-111360 (pages 5 and 6, FIGS. 1, 
10 and 3 to 3). 

Disclosure of the Invention 

Problems that the Invention is to Solve 

[0011] 

However, the MEMS switch described in Non-patent Document 1 
1 5 requires a strong electrostatic force, because a movable electrode having a 
finite mass is moved by using an electrostatic force as a driving force. Also, 
the MEMS switch has a problem in that a response time required to turn on or 
off the MEMS switch is equal to or more than several 10us and is extremely 
long, as compared with a response time required to turn on or off the switch 
20 using conventional semiconductor elements is of the order of nanoseconds 
(ns). 

[0012] 

For example, Non-patent Document 1 summarizes the driving 
voltage and the response time of each of the electromechanical switches, 
25 which have already been published. The minimum response time is 4^is. 
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However, an extremely high voltage of 40V or higher is applied thereto 
(Non-patent Document 1, p. 16). 
[0013] 

In a case where the MEMS switch is applied to a radio 
5 communication terminal, a driving voltage is limited, so that the MEMS switch 
should be operated at a voltage that is several volts or less. Also, in the case 
of some radio system to which the MEMS switch is applied, for example, in the 
case of some wireless LAN system, the MEMS switch is required to turn on or 
off in an extremely short time of 0.2us. In the case of an example described 
10 in Non-patent Document 1 , a required response time is 4\is or so. 
[0014] 

This is due to the fact that although it is necessary for ensuring 
desired isolation to set the distance between the electrodes at a large value, 
the response time is inevitably long when the distance therebetween is large, 
1 5 in addition to the limitation to the driving voltage of the radio communication 
terminal. 

[0015] 

Also, when the movable electrode of he MEMS switch is pulled in 
toward the fixed electrode thereof, the electrostatic force is used. However, 
20 when the movable electrode is pulled away therefrom, the spring force of the 
movable electrode is used. To equalize a response time, which is required to 
turn on the switch, to a response time required to turn off the switch, it is 
necessary to set the magnitude of the spring force of the movable electrode at 
a value higher than a certain value. In a case where the spring force serving 
25 as the driving force is increased, a higher driving voltage is inevitably needed 
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because an electrostatic force should be applied against this spring force 
when the movable electrode is pulled in toward the fixed electrode. 

Therefore, the MEMS switch described in Non-patent Document 1 
has a problem in that the driving voltage is extremely high. 
[0016] 

Also, an example described in Patent Document 1 is adapted so that 
all of the beams is movable thereby to enable high-speed switching and to 
enable operations at low DC potential. However, there have been increasing 
demands for a switch enabled to perform high-speed switching and to have a 
lower driving voltage. 

[0017] 

The invention is accomplished in view of the above circumstances. 
An object of the invention is to provide an electromechanical switch enabled 
to achieve a high-speed switching response at a low driving voltage. 

Means for Solving the Problems 
[0018] 

To achieve the foregoing object, an electromechanical switch 
according to the invention includes an MEMS switch, which comprises a first 
electromechanical switch adapted to turn on and off according to a 
displacement of at least a first beam that is restorable by a relatively weak 
spring force, and also comprises a second electromechanical switch adapted 
to turn on and off according to a displacement of at least a second beam that 
is restorable by a relatively strong spring force. In an initial condition, the 
electromechanical switch is brought into an off-state on condition that the first 



6 



electromechanical switch is off, and that the second electromechanical switch 
is on. 

[0019] 

With this configuration, the first electromechanical switch is turned 
5 on at high speed. Also, the second electromechanical switch is turned off at 
high speed. Thus, an electromechanical switch, which is enabled to be 
driven at a low voltage and to perform a switching response at high speed, 
can be provided. 

Additionally, this electromechanical switch performs a mechanical 
1 0 switching operation, so that high-degree isolation can be ensured with low 
loss. 

[0020] 

Also, the electromechanical switch of the invention includes an 
electromechanical switch in which the first beam is displaced from the initial 
1 5 condition by one of application and cancellation of a driving force, and in 
which the first electromechanical switch is tuned on in response to 
displacement of the first electromechanical switch to thereby bring the 
electromechanical switch into an on-state. 

With this configuration, an on-response to mechanical switching can 

20 be achieved at high speed. 
[0021] 

Also, the electromechanical switch of the invention includes an 
electromechanical switch in which in a case where both of the first 
electromechanical switch and the second electromechanical switch are on, the 
25 displacement of the first beam and the displacement of the second beam are 
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simultaneously eliminated to perform a restoring operation thereby to turn off 
the second electromechanical switch, so that the electromechanical switch is 
brought into an off-state. 

With this configuration, an off-response to mechanical switching can 

be achieved at high speed. 
[0022] 

Also, the electromechanical switch of the invention includes an 
electromechanical switch in which the second beam starts performing natural 
vibrations by turning off the second electromechanical switch, and in which the 
second beam is latched by one of application and cancellation of a driving 
force in a case where the second beam is returned to the vicinity of a 
displacement position thereof at which the second electromechanical switch is 
turned off. 

With this configuration, the second electromechanical switch can be 
latched by performing a low-voltage operation. 
[0023] 

Also, the electromechanical switch of the invention includes an 
electromechanical switch in which at least one of a displacement of the first 
beam and a displacement of the second beam is based on an electrostatic 
force. 

Also, the electromechanical switch of the invention includes an 
electromechanical switch in which at least one of a displacement of the first 
beam and a displacement of the second beam is based on an electromagnetic 
force. 

Also, the electromechanical switch of the invention includes an 
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electromechanical switch in which at least one of a displacement of the first 
beam and a displacement of the second beam is based on a piezoelectric 
effect. 

Also, the electromechanical switch of the invention includes an 
5 electromechanical switch in which at least one of a displacement of the first 
beam and a displacement of the second beam is based on a thermal 
expansion. 

With these configurations, the beam can be displaced by performing 
a low-voltage operation. 
10 [0024] 

Also, the electromechanical switch of the invention includes an 
electromechanical switch which further comprises a common fixed electrode, 
to which the first beam and the second beam face in parallel through an air 
gap, and which is adapted so that the first electromechanical switch is 
15 configured by including the fixed electrode and the first beam, and that the 

second electromechanical switch is configured by including the fixed electrode 
and the second beam. 

With this configuration, a speed of performing an operation of 
electrically connecting the first beam to the fixed electrode can be adjusted to 
20 a value differing from a speed of performing an operation of electrically 

connecting the second beam to the fixed electrode. Consequently, dual pole 
double throw switching is enabled. 
[0025] 

Also, the electromechanical switch of the invention includes an 
25 electromechanical switch in which the air gap to the fixed electrode is 
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provided according to the maximum amplitude of natural vibrations of each of 
the first beam and the second beam. 

With this configuration, the operating speed of the first 
electromechanical switch can be set to be different from that of the second 
5 electromechanical switch. Thus, isolation can be ensured. 
[0026] 

Also, the electromechanical switch of the invention includes an 
electromechanical switch which is brought into an on-state only when the first 
electromechanical switch is on and the second electromechanical switch is on. 
10 With this configuration, the electromechanical switch is turned on 

only by turning on the first electromechanical switch when the first beam is 
displaced from the initial state at high speed. Consequently, an on-response 
can be achieved at high speed. 
[0027] 

15 Also, the electromechanical switch of the invention includes an 

electromechanical switch adapted so that the first beam and the second beam 
are arranged in parallel to each other, that a third beam enabled to be restored 
by a spring force, which is relatively weaker than a spring force of the second 
beam, is arranged in parallel thereto, that the first electromechanical switch is 

20 configured by including the first beam and the second beam, and that the 

second electromechanical switch is configured by including the second beam 

and the third beam. 

With this configuration, the second beam of the second 
electromechanical switch is displaced at high speed. Consequently, on/off 
25 operations can be performed at high speed. 
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[0028] 

Also, the electromechanical switch of the invention includes an 
electromechanical switch in which the air gap between the second beam and 
each of the first beam and the third beam is formed according to the 
5 maximum amplitude of natural vibrations of the second beam. 

With this configuration, a high-speed response is enabled by setting 
the natural frequency of the second beam. 
[0029] 

Also, the electromechanical switch of the invention includes an 
1 0 electromechanical switch configured so that the displacement of the third 
beam is based on an electrostatic force. 

With this configuration, the third beam can be displaced by 
performing a low-voltage operation. 

Also, the electromechanical switch of the invention includes an 
1 5 electromechanical switch configured so that the displacement of the third 
beam is based on an electromagnetic force. 

With this configuration, in addition to the above advantages, the 
invention has an advantage in that a linear change, which does not depend 
upon the displacement position (or gap), can be given. This is because the 
20 electromagnetic force does not depend upon a distance, whereas in the case 
of change caused by the electrostatic force, only (1/3) or so of the gap linearly 
changes due to a pull-in phenomenon. 

Also, the electromechanical switch of the invention includes an 
electromechanical switch configured so that the displacement of the third 
25 beam is based on a piezoelectric effect. 
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With this configuration, in addition to the above advantages, the 
invention has an advantage in that displacements in both directions are 
facilitated. 

Also, the electromechanical switch of the invention includes an 
electromechanical switch configured so that the displacement of the third 
beam is based on a thermal expansion. 

With this configuration, in addition to the above advantages, the 
invention has an advantage in that a stronger contact force can be ensured. 

[0030] 

Also, the electromechanical switch of the invention includes an 
electromechanical switch in which the beams include one of a piezoelectric 
element, a shape-memory alloy, a bimorph element, and an electromagnetic 
distortion element, or in which a plurality of beams include a combination of 
these elements. 

With this configuration, each of the beams operates at low power. 
Thus, an operating voltage can be lowered. 
[0031] 

Also, the electromechanical switch of the invention includes an 
electromechanical switch configured so that in a case where all of 
displacements of the first beam, the second beam, and the third beam are 
canceled, the second beam is brought closer to the third beam by a 
mechanical probe, and the second beam is latched by displacing the third 
beam by one of application and cancellation of a driving force. 

With this configuration, the second beam is displaced and is brought 
closer to the third beam. Thus, the third beam can be operated at low power. 
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[0032] 

Also, the electromechanical switch of the invention includes an 
electromechanical switch in which the first electromechanical switch and the 
second electromechanical switch are placed in environment in which an air 
pressure differs from an atmospheric pressure or in environment filled with 
dried helium. 

With this configuration, the influence of air or the like on the beam 
operating at high speed is suppressed. Thus, the damping effect can be 
reduced. 

[0033] 

Also, the electromechanical switch of the invention includes an 
electromechanical switch in which the second electromechanical switch is off 
only for a time required by the first electromechanical switch to obtain 
predetermined isolation. 

With this configuration, high-degree isolation can be ensured. Also, 

an off-operation can surely be achieved. 
[0034] 

Also, the electromechanical switch of the invention includes an 
electromechanical switch adapted so that a cycle of natural vibrations of the 
second beam is equal to a time required by the first beam to reach a position 
at which the first beam obtains sufficient isolation. 

[0035] 

Also, the electromechanical switch of the invention includes an 
electromechanical switch adapted so that in a case where the first 
electromechanical switch is on and where a state of a signal is switched from 
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a passing state to a shielded state, the second beam reaches a position, at 
which the second beam obtains necessary isolation, until the first beam 
reaches a position required by the first beam to obtain predetermined 
isolation, and the second beam is returned to an initial latched state again. 

With this configuration, the second beam operating at high speed 
ensures isolation. Also, after the first beam operating at relatively slow speed 
ensures isolation, the second beam can be latched. 
[0036] 

Also, the electromechanical switch of the invention includes an 
electromechanical switch which further comprises a first lower spring movable 
electrode, a higher spring movable electrode, and a second lower spring 
movable electrode, which are arranged in parallel so that the first lower spring 
movable electrode includes the first beam, that the higher spring movable 
electrode includes the second beam, that the second lower spring movable 
electrode includes the third beam, that the first electromechanical switch has a 
first lower spring movable electrode including a first beam, and also has a first 
fixed electrode arranged to face the first beam, that the third 
electromechanical switch has a second low spring movable electrode 
including a third beam, and also has a third fixed electrode arranged to face 
the second beam, that the second electromechanical switch has a higher 
spring movable electrode including a second beam, and also has a first region 
extended from the first fixed electrode to face the higher spring movable 
electrode, and also has a second region extended from a second fixed 
electrode to face the higher spring movable electrode, and that the first beam 
and the second beam are mechanically connected to each other through a 
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connecting portion. 

Also, the electromechanical switch of the invention includes an 
electromechanical switch adapted so that the second beam is connected to 
the input terminal, and that the first beam and the second beam are 
connected to the first output terminal and the second output terminal, 
respectively. 

With these configurations, the third beam is displaced in response to 
the displacement of each of the first beam and the second beam. Thus, even 
in a case where the first lower spring movable electrode is latched by the first 
fixed electrode due to some kind of a failure, the invention can prevent an 
occurrence of a state in which the higher spring movable electrode having a 
strong spring force cannot be pulled in and is finally placed at an intermediate 
position, that is, a state in which all of the first and second lower movable 
electrodes and the higher spring movable electrode are in an off-state. 

Advantages of the Invention 
[0037] 

In the electromechanical switch according to the invention, the first 
electromechanical switch enabled to operate by being driven at a low voltage 
is turned on at high speed. The second electromechanical switch enabled to 
be latched at a low voltage is turned off at high speed. Thus, the invention 
has advantages in that the electromechanical switch can operate at a low 
driving voltage and turn on and off at high speed according to the combination 
of the first electromechanical switch and the second electromechanical switch. 



Brief Description of the Drawings 
[0038] 
[FIG. 1] 

FIG. 1 is an external view illustrating the configuration of a unit 
element of an electromechanical switch according to a first embodiment. 
[FIG. 2] 

FIG. 2 is a partly cross-sectional view illustrating the configuration of 
a primary part of each of a first electromechanical switch and a second 
electromechanical switch of the first embodiment. 

[FIG. 3] 

FIG. 3 is a cross-sectional view taken on line A-A shown in FIG. 2. 
[FIG. 4] 

FIG. 4 is a circuit view illustrating an equivalent circuit of the 
electromechanical switch according to the invention. 
[FIG. 5] 

FIG. 5 is a graph whose ordinate axis represents the position of a 
first movable electrode with respect to a fixed electrode and whose abscissa 
axis represents time. 
[FIG. 6] 

FIG. 6 is a graph illustrating a transient response at the position of 
the first movable electrode in a case where a drive control voltage is set to be 
off at a position at which the first movable electrode and a fixed electrode are 
in contact with each other. 
[FIG. 7] 

FIG. 7 is a graph illustrating a transient response at the position of a 
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second movable electrode of the second electromechanical switch. 
[FIG. 8] 

FIG. 8 is a graph enlargedly illustrating a behavior that corresponds 
to time which is 1^s or less, and that is shown in FIG. 7 illustrating the 
transient response at the position of the second movable electrode. 

[FIG. 9] 

FIG. 9 is a view illustrating an on-state and an off-state of the 
electromechanical switch according to the first embodiment, each of which is 
shown with an equivalent circuit, and including (a) and (b) that show the 
off-state and the on-state, respectively. 

[FIG. 10] 

FIG. 10 is a graph illustrating both of the transient response at the 
position of the movable electrode of the first electromechanical switch and the 
transient response at the position of the movable electrode of the second 
electromechanical switch. 

[FIG. 11] 

FIG. 1 1 is a view illustrating the states of the first electromechanical 
switch and the second electromechanical switch at each of moments with an 
equivalent circuit and including (a), (b), (c) and (d) that show the states 
correspond to moments 0, t1 , t2, and t3, respectively. 

[FIG. 12] 

FIG. 12 is a view illustrating the structure of each of a parallel plate 
type electrode and a pectinate type electrode 0 
[FIG. 13] 

FIG. 13 is a schematic view of an electromechanical switch in which 
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a movable electrode operates in a horizontal direction. 
[FIG. 14] 

FIG. 14 is an external view of a silicon substrate in which a unit 
element of the electromechanical switch is formed. 
[FIG. 15] 

FIG. 15 is an external view of a sealed cover glass. 
[FIG. 16] 

FIG. 16 is a cross-sectional view, which is taken on line B-B shown in 
FIG. 14 and which illustrates each of the steps of a process of manufacturing 
the electromechanical switch according to the first embodiment. 

[FIG. 17] 

FIG. 17 is a schematic view illustrating the configuration of an 
example of a second embodiment. 
[FIG. 18] 

FIG. 18 is a graph illustrating the displacement of a second movable 
electrode in the second embodiment. 
[FIG. 19] 

FIG. 19 is a schematic view illustrating an electromechanical switch 
according to a third embodiment. 
[FIG. 20] 

FIG. 20 is an explanatory view illustrating an operation of the third 
embodiment. 

[FIG. 21] 

FIG. 21 is an explanatory view illustrating an operation of the third 
embodiment. 
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Description of Reference Numerals and Signs 
[0039] 

1, 40, 70, 200 electromechanical switches 

2 silicon substrate 

3 sealed cover glass 

4, 21 1 first electrode terminals 

5, 212 second electrode terminals 

6, 213 third electrode terminal 

7, 214 fourth electrode terminal 

8, 21 5 fifth electrode terminal 

9, 216 sixth electrode terminal 

10 electromechanical switch body 

12, 72, 201 first anchors 

13, 73, 203 second anchors 

14, 74, 202 first movable electrodes 
16, 76, 204 second movable electrodes 
18, 62, 66, 78 fixed electrodes 

22 first electromechanical switch 
24 second electromechanical switch 
31,32 curves 
60 parallel plate type 

64, 68 movable electrodes 

69 pectinate type 
82 first concave portion 
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84 second concave portion 

86 third concave portion 
88 fourth concave portion 

92, 94, 96 projection portions 

102 sacrifice layer 

104 resist layer 
206 second movable electrode 



Best Mode for Carrying Out the Invention 
[0040] 

An electromechanical switch according to the invention is placed 
under reduced pressure or in helium gas atmosphere serving as environment 
in which the damping effect of the viscosity of air or the like is weakened. 
The electromechanical switch according to the invention is constituted by 
including a first electromechanical switch, in which a movable electrode having 
a weak spring force is pulled in toward a fixed electrode at high speed, and a 
second electromechanical switch in which a movable electrode having a 
strong spring force is pulled away from a fixed electrode. In a stationary 
state, signals can be switched only by turning on and off the first 
electromechanical switch. 
[0041] 

Additionally, to allow a first electromechanical switch to obtain 
sufficient isolation in a transient state caused when a signal is shielded, the 
first electromechanical switch ensures isolation established within a time 
taken to make an electrode to be pulled away by a sufficient distance. The 
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isolation in the transient state is ensured by bringing the second 
electromechanical switch into an off-state at high speed. 

Also, the second electromechanical switch is adapted so that 
although a movable electrode is pulled away only for a moment, the movable 
electrode performs natural vibrations due to a strong spring force and to a 
weak damping effect, and that thus, the movable electrode returns to the 
neighborhood of an initial position. Consequently, the second 
electromechanical switch having a strong spring can be latched at a minute 
voltage. 

[0042] 

Thus, the electromechanical switch according to the invention, which 
is a switch using a microelectromechanical elements, can achieve the on/off of 
a signal at high speed at a low driving voltage by combining the first 
electromechanical switch, which uses an electrode having a weak spring force 
and is pulled in at high speed and is restored at low speed, with the second 
electromechanical switch that uses an electrode having a strong spring force 
and is released from a latch and is immediately latched. 
[0043] 

Hereinafter, a preferred embodiment of the electromechanical switch 
according to the invention is described below in detail. In the drawings, a 
same reference numeral is used to designate substantially the same or 
corresponding member. 

[0044] 

(First Embodiment) 

FIG. 1 is an external view illustrating the configuration of a unit 
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element of an electromechanical switch according to a first embodiment. 

FIG. 2 is a partly cross-sectional view illustrating the configuration of 
a primary part of each of a first electromechanical switch and a second 
electromechanical switch of the first embodiment. 

5 As shown in FIGS. 1 and 2, an electromechanical switch 1 according 

to the first embodiment has an electromechanical switch body 10, which is 
formed on a silicon substrate 2 and is covered by a sealed cover glass3, and 
also has a first electrode terminal 4, a second electrode terminal 5, a third 
electrode terminal 6, a fourth electrode terminal 7, a fifth electrode terminal 8, 

10 and a sixth electrode terminal 9, which serve as input/output terminals. 
[0045] 

As shown in FIG. 2, the electromechanical switch body 10 has a first 
movable electrode 14 and a second movable electrode 16, the both ends of 
each of which are fixed to and laid on a first anchor 12 and a second anchor 
15 13 formed on the silicon substrate 2, and also has a fixed electrode 1 8 formed 
to face the first movable electrode 14 and the second movable electrode 16 
across a predetermined air gap. 

In the first embodiment, each of the first movable electrode 14 and 
the second movable electrode 16 is constructed as an inboard beam. The 
20 first movable electrode 14 and the second movable electrode 16 are 

configured so that the first movable electrode 14 has a relatively weak spring 
force, and that the second movable electrode 16 has a relatively strong spring 
force. 

A first electromechanical switch 22 is configured to include the first 
25 movable electrode 14 and the fixed electrode 18. A second 
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electromechanical switch 24 is configured to include the second movable 
electrode 1 6 and the fixed electrode 18. These electromechanical switches 
are series-connected to each other. 
[0046] 

The first movable electrode 14 and the second movable electrode 16 
perform natural vibrations using an electrostatic force generated according to 
the applied voltage and the spring forces of these movable electrodes 
themselves. An air gap having a size equal to or larger than the maximum 
amplitude of the natural vibrations is ensured. 

To reduce the damping effect, this air gap is filled with dry helium. 
Alternatively, the air gap is maintained at vacuum. 

[0047] 

Incidentally, the input/output terminals of the first movable electrode 
14 are a first electrode terminal 4 and a fifth electrode terminal 8. The 

input/output terminals of the second movable electrode 16 are a second 
electrode terminal 5 and a fourth electrode terminal 7. The input/output 

terminals of the fixed electrode 18 are a third electrode terminal 6 and a sixth 

electrode terminal 9. 

For example, in a case where the fifth electrode terminal 8 is used as 
a signal input terminal, the second electrode terminal 5 and the fourth 
electrode terminal 7 are signal output terminals. 

Further, a control voltage supply used to apply an electrostatic force 
between the fixed electrode 18 and each of the first movable electrode 14 and 
the second movable electrode 16 can be connected to each of the electrode 
terminals. 



23 



[0048] 

FIG. 3 is a cross-sectional view taken on line A-A shown in FIG. 2. 
As shown in FIGS. 2 and 3, the lengths L1 and L2 (not shown) of the 
first movable electrode 14 and the second movable electrode 16 are set to be 
the same length L that is 400^m. The widths w1 and w2 are set at 2.5um and 
5^im, respectively. The thicknesses D1 and D2 are to be the same thickness 
that is 0.4^im. The gap g1 between the fixed electrode 1 8 and the electrode 
14 and the gap g2 between the fixed electrode 18 and the electrode 16 are 
set at 0.2|im and 1 .5^m, respectively. 
[0049] 

FIG. 4 is a circuit view illustrating an equivalent circuit of the 
electromechanical switch according to the invention. 

As shown in FIG. 4, an electromechanical switch 40 according to the 
invention has a first electromechanical switch 22 and a second 
electromechanical switch 24. In an initial condition, the first 
electromechanical switch 22 is in an off-state, while the second 
electromechanical switch 24 is in an on-state. In the initial condition, the 
electromechanical switch 40 is off. 

That is, in the initial condition, a drive control voltage is applied to the 
second movable electrode 16. The second movable electrode 16 is 
electrically connected to the fixed electrode 18 by an electrostatic force. 
However, no drive control voltage is applied to the first movable electrode 14. 

[0050] 

Next, an operation of the electromechanical switch according to the 
first embodiment is described below. 
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Referring to FIGS. 2 and 4, when a drive control voltage is applied to 
the first movable electrode 14 in the initial condition, the first movable 
electrode 14 having a weak spring force is operated at high speed by an 
electrostatic force and is pulled in toward and is electrically connected to the 
fixed electrode 1 8. Thus, the first electromechanical switch 22 is brought into 
an on-state, so that the electromechanical switch 40 is turned on. 

[0051] 

When the drive control voltage applied to the first movable electrode 
14 and the second movable electrode 16 is canceled, the first movable 
electrode 14 and the second movable electrode 16 are pulled away from the 
fixed electrode 18 by a spring restoring force of each of the movable 
electrodes. First, the second electromechanical switch 24 is put into an 
off-state, so that the electromechanical switch 40 is turned off. 
[0052] 

At that time, the second movable electrode 16 having a strong spring 
restoring force operates at a speed higher than a speed, at which the first 
movable electrode 14 having a weak spring restoring force, and is detached 
from the fixed electrode 18 to start performing natural vibrations. 

In a case where when this vibrating second movable electrode 16 
returns to the vicinity of the fixed electrode 16, a drive control voltage is 
applied thereto, the second movable electrode 16 is latched by the 
electrostatic force toward the fixed electrode 1 8. During that, the first 

movable electrode 15 is sufficiently away from the fixed electrode 18, so that 
the first electromechanical switch 22 is in an off-state. The electromechanical 

switch 40 remains turned off even when the second movable electrode 16 is 
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latched, so that the second electromechanical switch 24 is put into an on-state. 
[0053] 

Thus, the electromechanical switch according to the first 
embodiment can perform an on-response and an off-response at high speed 
5 according to the combination of the first electromechanical switch, which is 
put into an on-state at high speed, and the second electromechanical switch 
that is put into an off-state at high speed. 
[0054] 

Next, an operation of the electromechanical switch in the case of 
1 0 employing inboard beams as the movable electrodes described in the 

description of the first embodiment is described in detail below by way of 
example. 

In the case where the movable electrodes are constituted by inboard 
beams, as in the first embodiment, a constant k of spring of the movable 
15 electrode is expressed by an equation (1). 
[0055] 

k = Ew(D/L) 3 +8ct(1-v)w(D/L) ... (1) 
[0056] 

Incidentally, "E" represents Young's modulus, and "w" represents a 
20 line width of the movable electrode. "D" represents a thickness of the 

movable electrode. "L" represents a length of the movable electrode, and "a" 
represents an internal stress, and "v" represents a Poisson's ratio. 
[0057] 

As is apparent from the equation (1), the spring constant k can be 
25 changed by changing the shape, the material, and the physical property of the 
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movable electrode. 
[0058] 

Next, a motion equation in the case of applying an external force F to 

the movable electrode is given by the following equation (2). 

5 [0059] 

md2Z(t)/dt2+b(1 .2-Z(t)/g)-3/2Z(t)+kZ(t)=F ... (2) 

[0060] 

Incidentally, "Z(t)" represents the position of the movable electrode with 
respect to the fixed electrode at a moment t, and "m" represents the mass of 
1 0 the movable electrode, and "b" represents a damping coefficient, and "g" 
represents an initial value of the distance between the electrodes, and "k" 
represents a spring constant of the movable electrode. 
[0061] 

In the first electromechanical switch 22, the spring force of the first 
1 5 movable electrode 14 is extremely weak. The first movable electrode 14 is 
designed to respond to a minute driving force. Thus, when the first movable 
electrode 14 is pulled in, the first movable electrode 14 can be pulled in by 
responding to the driving force at high speed even when the driving force is 
minute. 
20 [0062] 

For example, in a case where aluminum (the internal stress is 
50MPa, the Young's modulus is 70GPa, the Poisson's ratio is 0.25, and the 
density is 2.69kg/m3) is used as the material of the first movable electrode 14, 
where data representing the shape thereof, that is, the width w1 is 2.5um, the 
25 thickness D is 0.4um, and the length L is 500um, and where the gap between 
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the electrodes g1 is 0.2^m, the first movable electrode is pulled in toward the 
fixed electrode 18 in 0.2ns when a voltage of 8V is applied thereto. 
[0063] 

FIG. 5 is drawn so that an abscissa axis represents time and that an 
ordinate axis represents the position of the first movable electrode with 
respect to the fixed electrode by solving the motion equation (2). Thus, FIG. 
5 shows a transient phenomenon of change in position of the first movable 
electrode in a case where a driving voltage is applied thereto at a moment 0. 
In a case where the position of the electrode is 0, this position indicates a 
place at which the fixed electrode 1 8 and the first movable electrode 14 are in 
contact with each other. 
[0064] 

As is seen from FIG. 5, the first movable electrode 14 is pulled into 
toward and is in contact with the fixed electrode 18 within 0.2ns. 

At that time, in a case where the first movable electrode 14 serving 
as a thin structure is caused to perform an operation at high speed, the 
operation becomes complex by being affected by fluids, such as ambient air. 
Thus, the influence of the fluid is non-negligible. 

Accordingly, to alleviate such a damping effect, an enclosed space 
formed in the inside of the switch, in which the beams and so on are formed, 
so that the magnitude of the damping effect in the switch is (1/25) the 
magnitude of the damping effect in the atmospheric air. 
[0065] 

Next, an off-operation of the first electromechanical switch is 
described below. 
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As is apparent from the equation (2), when the control voltage is 
turned off to cancel the driving force, the first movable electrode returns to an 
initial position by employing the spring force thereof as a driving force. 
However, because the spring force is weak, a response time is longer than 
that in the case of turning on the switch. 

[0066] 

FIG. 6 is a graph illustrating a transient response at the position of 
the first movable electrode in a case where a drive control voltage is set to be 
off at a position at which the first movable electrode and the fixed electrode 
are in contact with each other. 

As shown in FIG. 6, when the electrostatic force is canceled at the 
moment 0 at the position at which the first movable electrode 14 and the fixed 
electrode 18 are in contact with each other, the first movable electrode 14 
returns to the initial position having a value of 0.2^m in 1 .6\xs (about 2ns) by 
employing the spring force of the first movable electrode 14 as a restoring 
force. Thus, it turns out that the response time required to return thereto in 
the case of the off-operation is about 10 times the response time of 0.2ns, 
which is required to return to the initial position in the case of the on-operation. 

Consequently, although a high-speed on-operation is enabled only 
by using the first electromechanical switch 22, it is difficult to enable a 
high-speed off-operation. 

[0067] 

Next, the structure of the second electromechanical switch 24 and an 
operation thereof are described below. 

The second movable electrode 16 of the second electromechanical 
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switch is configured so that the spring force thereof is extremely strong. In a 
case where the second electromechanical switch 24 is formed in the same 
shape as that of the first electromechanical switch 22, it is advisable to 
increase the gap g2 between the electrodes. Alternatively, it is advisable to 
configure the movable electrode according to the equation (1) so that the 
spring constant is increased. 
[0068] 

For example, aluminum (the internal stress is 50MPa, the Young's 
modulus is 70GPa, the Poisson's ratio is 0.25, and the density is 2.69 kg/m 3 ) 
may be used as the material of the second movable electrode. Also, the 
second movable electrode may be configured to have a shape so that the 
width w2 is 2.5nm, that the thickness D is 0.4,am, that the length L is 500^im, 
and that the gap between the electrodes g2 is 1 .5\im. 

FIGS. 7 and 8 show a transient response at the position of the 
second movable electrode of the second electromechanical switch at the 
cancellation of a control voltage at a position, at which the second movable 
electrode and the fixed electrode are in contact with each other, in a case 
where no external force is applied (the second movable electrode is not 
latched). Incidentally, FIG. 8 enlargedly illustrates a behavior that 
corresponds to time which is 1^is or less, and that is shown in FIG. 7. 

[0069] 

With such a configuration of the second electromechanical switch, 
the spring force of the second movable electrode is stronger than that of the 
first movable electrode of the first electromechanical switch. Also, the 
damping force of the second movable electrode is weaker than that of the first 
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movable electrode of the first electromechanical switch. Thus, as shown in 
FIG. 7, the second movable electrode changes the position from the position 
of the fixed electrode while the second movable electrode vibrates at the 

natural frequency. 

As shown in FIG. 8, within 0.2ms, the position of the second movable 
electrode reaches 0.16^im (about 0.2^m). Further, as shown in FIG. 7, within 
1us, the second movable electrode passes through the initial position that is 
1 .5um. Then, the electrode overshoots and reaches a maximum 
displacement position of 3um in 1 .5us. Subsequently, the electrode returns 
to the vicinity of a position corresponding to a displacement of 0 in 2.5(xs. 

Thus, the environment is established so that the damping of the 
second movable electrode is suppressed. Consequently, the position of the 
electrode gradually converges to the position corresponding to 1.5um. 
[0070] 

Next, a switching operation of the electromechanical switch 
according to the invention, which is the combination of the first 
electromechanical switch and the second electromechanical switch, is 
described below in detail. 

First, an operation of changing an off-state to an on-state of the 
electromechanical switch according to the invention is described below. 

FIG. 9 is a view illustrating an on-state and an off-state of the 
electromechanical switch, each of which is shown with an equivalent circuit. 

As shown in FIG. 9(a), in an off-state of the electromechanical switch 
according to the invention, the first electromechanical switch 22 is in an 
off-state, while the second electromechanical switch 24 is in an on-state. 
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That is, no control voltage is applied to the first electromechanical switch 22. 
A control voltage is applied to the second electromechanical switch 24. Thus, 
the second movable electrode is latched to the fixed electrode. 
[0071] 

When the drive control voltage is applied to the first 
electromechanical switch 22 in this state, the first movable electrode is pulled 
in toward the fixed electrode. Then, the first movable electrode and the fixed 
electrode are put into contact with each other and are electrically connected to 
each other. Thus, as shown in FIG. 9(b), the electromechanical switch is 
brought into an on-state. At that time, as described above, the first movable 
electrode of the first electromechanical switch is pulled in at high speed in 
0.2|j.s. Consequently, a signal is transmitted in 0.2ns. 
[0072] 

As shown in (a) and (b) of FIG. 9, the second electromechanical 
switch 24 always maintains a state, in which the drive control voltage is 
applied thereto, that is, an on-state in a transient state in which the first 
electromechanical switch 22 is changed from an off-state to an on-state. 

[0073] 

Next, an operation of changing an on-state to an off-state of the 
electromechanical switch according to the invention is described below. 

FIG. 10 illustrates both of the positions of the movable electrodes of 
the first electromechanical switch and the second electromechanical switch. 
A curve 31 indicates the position of the movable electrode of the first 
electromechanical switch. A curve 32 indicates the position of the movable 
electrode of the second electromechanical switch. 
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The states of the first electromechanical switch and the second 
electromechanical switch at each moment are shown with an equivalent 

circuit in (a) to (d) of FIG. 11. 

In the on-state of the electromechanical switch according to the 
invention, both of the first electromechanical switch and the second 
electromechanical switch are in an on-state, that is, the movable electrodes 
are in contact with the fixed electrode, so that values of the positions of the 
movable electrodes are 0. The drive control voltage is applied to both of the 
first electromechanical switch and the second electromechanical switch. 

[0074] 

When the drive control voltage applied to the first electromechanical 
switch 22 and the second electromechanical switch 24 at a moment 0 is set to 
be 0, as shown in FIG. 10, at a moment t1 (about 0.25ns), the position of the 
second movable electrode of the second electromechanical switch is 0.2^im. 
Thus, isolation can be ensured singly by the second electromechanical switch 
24. Also, the electromechanical switch of the invention operates at high 
speed and is then brought into an off-state. 
[0075] 

At a moment t2 (about 2ps), the position of the second movable 
electrode of the second electromechanical switch 24 is near to the initial 
position, that is, 1 .5um or so, while the first movable electrode of the first 
electromechanical switch 22 reaches the position of 0.2nm. Thus, sufficient 
isolation can be ensured singly by the first electromechanical switch 22. 

At a moment t3 (about 2.5us), the second movable electrode of the 
second electromechanical switch 24 returns to the latching position, that is, 
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the vicinity to the position corresponding to a displacement of 0. 
[0076] 

At this moment t3, the first electromechanical switch 22 singly has 
already ensured isolation. Thus, even in a case where a drive control voltage 
5 is applied to the second electromechanical switch 24 in this state to thereby 
latch the second movable electrode, the entire electromechanical switch 
according to the invention sufficiently ensures isolation of high-frequency 
signals. 

[0077] 

! o The control voltage required to perform this latch can be a minute 

voltage, because the gap between the returned second movable electrode 
and the fixed electrode is small. 

Thus, according to the invention, an electromechanical switch having 
a high-speed response characteristic can be realized by combining the first 
1 5 electromechanical switch with the second electromechanical switch. 
[0078] 

According to the first embodiment, as shown in FIG. 12(a). the fixed 
electrode 62 and the movable electrode 64 are of the parallel plate type ones 
64. However, as shown in FIG. 12(b), a fixed electrode 66 and a movable 
20 electrode 68 may be of the pectinate type ones 69. 

The electromechanical switch may be configured as a capacity type 
switch by forming dielectric substances on one or both of surfaces that the 
movable electrodes and the fixed electrode face. 

[0079] 

25 Also, although aluminum has been cited as the material of the 
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movable electrodes, other metallic materials, for example, Mo, Ti, Au, and Cu 
may be used, instead of Al. Alternatively, electrically conductive materials 
may be used. 

Also, a beam structure configured by depositing metal portions, 
whose sizes are of the order of nanometers, on a surface of a plate-like silicon 
material may be employed as the movable electrode. Also, a piezoelectric 
element, a shape-memory alloy, an electromagnetic distortion element, and a 
bimorph element utilizing a bimorph effect may be utilized as the movable 
electrode. 

[0080] 

Although the movable electrode is pulled in toward the fixed 
electrode formed on the substrate in a case where the electrodes of the 
parallel plate type and the pectinate type are employed, the movable 
electrodes may be configured to operate horizontally with respect to the 

substrate. 

[0081] 

Next, a modification of the first embodiment of the invention is 
described below. FIG. 1 3 is a schematic view of an electromechanical switch 
in which a movable electrode operates in a horizontal direction. 

As shown in FIG. 13, an electromechanical switch 70 has a first 
movable electrode 74 and a second movable electrode 76, the both ends of 
each of which are fixed to and laid on a first anchor 72 and a second anchor 
73 formed on the silicon substrate 2, and also has a fixed electrode 78 formed 
between these movable electrodes to be thicker than each of the movable 
electrodes. The first movable electrode 74 and the second movable electrode 
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76 are formed in parallel to the fixed electrode 78 so that a predetermined gap 
is provided between the fixed electrode and each of the movable electrodes. 
[0082] 

The gap between the first movable electrode 74 and the fixed 
5 electrode 78 has a width that is equal to the maximum amplitude of the first 
movable electrode 74 that performs natural vibrations. The gap between the 
second movable electrode 76 and the fixed electrode 78 has a width that is 
equal to the maximum amplitude of the first movable electrode 76 that 
performs natural vibrations. These gaps differ from each other. 
10 The first electromechanical switch is configured by including the first 

movable electrode 74 and the fixed electrode 78. The second 
electromechanical switch is configured by including the second movable 
electrode 76 and the fixed electrode 78. 
[0083] 

15 For example, the first movable electrode 14 is shaped so that the 

thickness is 2.5nm, that the width is 0.4^m, that the length is 500um, and that 
the gap between the first movable electrode 74 and the fixed electrode is 
0.2^m. The second movable electrode 76 is shaped so that the thickness is 
5nm, that the width is 0.4nm, that the length is 500nm, and that the gap 

20 between the second movable electrode 74 and the fixed electrode is 1 .5^m. 
The movable electrodes are shaped in this manner, so that the modification 
has advantages similar to those of the first embodiment. 

Incidentally, the same members as those shown in FIG. 2 are 
designated by the same reference numeral. 

25 [0084] 
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In the electromechanical switch 70 of this configuration, the first 
movable electrode 74 and the second movable electrode 76 horizontally 
operate with respect to the substrate. 

In a case where the movable electrodes horizontally operate with 
respect to the substrate, the gap between the first electromechanical switch 
and the fixed electrode and the gap between the second electromechanical 
switch and the fixed electrode can easily be formed so that these gaps differ 
from each other. The remaining operations are similar to those of the first 
embodiment. 

[0085] 

The above electromechanical switch is not necessarily driven by the 
electrostatic force. For example, an electromagnetic force, heat obtained 
using a heat source, and a piezoelectric element may be used to drive the 
electromechanical switch. 

The above electromechanical switch can be used as an antenna 
diversity DPDT (Dual Pole Double Throw) switch for a wireless LAN or the life 
required to perform high-speed switching. 

[0086] 

Next, a method of manufacturing the electromechanical switch 
according to the first embodiment is described below. 

FIG. 14 is an external view of a silicon substrate in which a unit 
element of the electromechanical switch is formed. 

The silicon substrate 2 shown in FIG. 14 is formed into a 
predetermined shape by applying a resist film thereto, and then exposing the 
substrate with a predetermined mask pattern, and subsequently performing 
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development/etching, and thereafter removing the resist film. 
[0087] 

In the silicon substrate 2, a pair of first concave portions 82 used to 
fix and lay the first movable electrode, a pair of second concave portions 84 
used to fix and lay the second movable electrode 16, a pair of third concave 
portions 86 used to take out the fixed electrode terminal therefrom, and a pair 
of fourth concave portions 88 used to form the fixed electrode 18. 

[0088] 

FIG. 15 is an external view of a sealed cover glass. 

The sealed cover glass 3 is shaped like a plate and has pairs of 
projection portions 92, 94, and 96, which respectively correspond to the first 
concave portions 82, the second concave portions 84, and the third concave 
portions 86 provided in the silicon substrate 2. 

[0089] 

FIG. 16 including views (a) to (e) is a diagram illustrating a process 
of manufacturing this electromechanical switch. FIG. 16(a) is a 
cross-sectional view, which is taken on line B-B shown in FIG. 14. Each of 
the remaining views is a cross-sectional view showing the same section of 
this electromechanical switch. 

First, an Al-layer is deposited on the silicon substrate 2 by 
vacuum-evaporation or sputtering. Then, a resist film having a 
predetermined pattern is applied thereonto. Subsequently, the Al-layer is 
wet-etched or dry-etched by using this resist film as a mask. Thus, the fixed 

electrode 18, the third electrode terminal 6, and the sixth electrode terminal 9 

are formed (see FIG. 2 and FIG. 16(b)). 
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[0090] 

Subsequently, a sacrifice layer 102 is formed by resist (see FIG. 
16(c)). Then, an Al-layer is deposited on this sacrifice layer by sputtering. 
Thereafter, the AL-layer is dry-etched by ECR-plasma using the resist film 
5 1 04 having a predetermined pattern as a mask. Thus, the first movable 
electrode 14 and the second movable electrode 16 are formed (see FIG. 
16(d)). 

[0091] 

Then, the resist film 104 and the sacrifice layer 102 are removed by 
1 0 plasma-ashing. Thus, the beam structure of each of the first movable 

electrode 14 and the second movable electrode 16 is formed. In a pressure 
reducing apparatus or a helium filling apparatus, the alignment of the silicon 
substrate 2 with the sealed cover glass 3 is performed using the projection 
portions of the sealed cover glass 3. Subsequently, the sealed cover glass 3 
1 5 and the silicon substrate 2 are anode-connected to each other (see FIG. 
16(e)). 

[0092] 

Thus, thin-film-like beam structures, such as the first movable 
electrode 14 and the second movable electrode 16, can be formed. Also, an 
20 electromechanical switch, in which an air gap located around each movable 
electrode adapted to perform an operation at high speed is depressurized or is 
filled with dry helium, can be manufactured. 
[0093] 

Second Embodiment 
25 Next, a second embodiment is described below. 
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FIG. 17 is a schematic view illustrating the configuration of an 
example of a second embodiment. 

There is no limitation to the structure and the material of an 
electromechanical switch. As long as a response time, which is equal to or 
5 less than a desired value, of the electromechanical switch is obtained 

corresponding to the natural vibrations of a movable electrode by setting the 
shape and the material of the movable electrode, the set shape and material 
can be employed. In the second embodiment, the relative change of spring 
forces is performed. 
10 [0094] 

As shown in FIG. 17, an electromechanical switch 200 according to 
the second embodiment has a first movable electrode 202, a second movable 
electrode 204, and a third movable electrode 206, the both ends of each of 
which are fixed to and laid on a first anchor 201 and a second anchor 203 
1 5 formed on a silicon substrate 2. The movable electrodes are formed to face 
each other, to extend in parallel to each other and to have a predetermined 
gap provided between adjacent ones. The movable electrodes are 
configured as inboard beams and have different spring forces, respectively. 
The second movable electrode 203 is formed so that the spring force of the 
20 second movable electrode 203 is stronger than the spring forces of the first 
movable electrode 202 and the third movable electrode 206. The first 
movable electrode 202 and the third movable electrode 206 are configured so 
that the spring force of the first movable electrode 202 is equal to or differs 
from the spring force of the third movable electrode 206. 
25 [0095] 
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In the case of an example shown in FIG. 17, the electromechanical 
switch has a second electrode terminal 212 serving as a signal input terminal, 
and also has a fourth electrode terminal 214 and a sixth electrode terminal 
216, which serve as signal output terminals. Thus, this electromechanical 
switch can be configured as a SPDT (Single Pole Dual Throw) switch. 

Additionally, a first electrode terminal 21 1 and the sixth electrode 
terminal 216 are formed at an end of the first movable electrode 202. A 
second electrode terminal 212 and a fifth electrode terminal 215 are formed at 
an end of the second movable electrode 204. A third electrode terminal 213 
and the fourth electrode terminal 214 are formed at an end of the third 
movable electrode 206. Each of the electrode terminals can be connected to 
a control voltage supply adapted to apply an electrostatic force between the 
movable electrodes facing each other. 
[0096] 

In the electromechanical switch 200 shown in FIG. 17, a first 
electromechanical switch is configured by including the first movable electrode 
202 and the second movable electrode 204. A second electromechanical 
switch is configured by including the second movable electrode 204 and the 
third movable electrode 206. 

Incidentally, although not shown, the electromechanical switch 200 
is covered with the sealed cover glass. The inside of the electromechanical 
switch 200 is maintained by being filled with dry helium or under reduced 
pressure. 

[0097] 

Also, the electromechanical switch is configured so that a response 
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time corresponding to the natural frequency of the second movable electrode 
204 electrically connectable to the first movable electrode 202 and the third 

movable electrode 206 is equal to or less than a desired response time. 

Thus, the movable electrode can be displaced in a predetermined response 
time. 

[0098] 

For example, in a case where the desired response times is 0.2ms, 
the natural frequency should be equal or less than 5MHz. 

More specifically, to set the natural frequency at a value that is equal 
to or less than 5MHz using the equations (1) and (2), for example, in a case 
where aluminum (the internal stress is 50MPa, the Young's modulus is 
70GPa, the Poisson's ratio is 0.25, and the density is 2.69kg/m3) is used as 
the material of the movable electrode, and where data representing the shape 
thereof, that is, the width w is 1um, the thickness D is 10um, and the length L 
is 50nm, the natural frequency is 5MHz. Additionally, the air gap among the 
movable electrodes is set to be 2.4nm. 
[0099] 

Basically, the second movable electrode 204 maintains a state in 
which the second movable electrode 204 is electrically connected to one of the 
first movable electrode 202 and the third movable electrode 206 always in the 
initial condition. That is, in the electromechanical switch 200, one of the first 
electromechanical switch and the second electromechanical switch is in an 
on-state, while the other electromechanical switch maintains an off-state. 
[0100] 

In the example shown in FIG. 17, a drive control voltage is applied to 
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the third movable electrode 206. The second movable electrode 204 and the 
third movable electrode 206 are brought in contact with each other by an 

electrostatic force or is capacity-coupled with each other. At that time, no 
drive control voltage is applied to the second movable electrode 204 and the 

first movable electrode 202. 
[0101] 

FIG. 18 is a graph illustrating the displacement of the second 

movable electrode. 

In a case where the drive control voltage applied to the third 
movable electrode 206 is set to be 0 in the initial condition shown in FIG. 17 to 
thereby release the electrostatic force, the second movable electrode 204 
oscillates between the first movable electrode 202 and the third movable 
electrode 206 at the natural frequency by the restoring force thereof, as shown 
in FIG. 18. At that time, the damping effect is reduced. Thus, the 
magnitude of the damping effect in the switch is (1/25) the magnitude of the 
damping effect in the atmospheric air. 

[0102] 

Next, a switching operation of the second embodiment is described 

below. 

Meanwhile, in a state in which the drive control voltage is applied to 
the third movable electrode 214 and in which the second movable electrode 
204 and the third movable electrode 214 are in contact with each other, the 
drive control voltage is applied to the first movable electrode 202 at a moment 
0 by simultaneously setting the drive control voltage applied to the third 
movable electrode 214 to be 0. 
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At that time, the second movable electrode 204 is displaced toward 
the first movable electrode 202 at high speed by a strong spring force. 
Moreover, the first movable electrode 202 having a relatively weak spring 
force responds to this due to an electrostatic force acting between the first 
movable electrode 202 and the second movable electrode 204. Then, the 
first movable electrode 202 goes closer to and latches the second movable 
electrode 204. At that time, a drive control voltage of 3V is sufficient to cause 
the first movable electrode 202 to latch the second movable electrode 204. 

According to the electromechanical switch of this configuration, even 
at a low drive voltage, a switching operation can be performed at high speed. 

[0103] 

Meanwhile, when no drive control voltage is applied thereto due to 
some reason, the second movable electrode 204 is not latched by the first 
movable electrode 202 or by the third movable electrode 206. Thus, the 
second movable electrode 204 can be put into a state in which the 
displacement thereof is 0. 

A considerable drive control voltage is needed to pull in the second 
movable electrode 204 toward the first movable electrode 202 or the third 
movable electrode 206 by applying an electrostatic force thereto in this state 
of the second movable electrode 204 in which the displacement thereof is 0. 
In the case of the above movable electrode, it is necessary to apply 44V 
thereto. 

[0104] 

Thus, to put one of the first electromechanical switch and the second 
electromechanical switch into an on-state, the second movable electrode is 
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adapted to be pulled in by using another drive unit, instead of using an 
electrostatic force to be generated by applying a voltage between the movable 
electrodes. 

[0105] 

For example, a structure element itself, which is deformed by 
applying a voltage thereto, for instance, a piezoelectric element, a 
shape-memory alloy, a bimorph element, and an electromagnetic distortion 
element may be used as the drive unit. 

For example, instead of the second movable electrode 204, a 
second movable element adapted to be deformed by applying an initial 
voltage thereto may be provided. When this second movable element goes 
closer to the third movable electrode 206, a drive control voltage may be 
applied to the third movable electrode 206 to thereby latch the second 
movable element with an electrostatic force. Thereafter, the voltage applied 
to the second movable element may be canceled. 

[0106] 

Alternatively, the second movable electrode 204 may be pulled in 
toward the first movable electrode 202 or the third movable electrode 206 
through the use of a mechanical probe. A drive control voltage is applied to 
the first movable electrode 202 or the third movable electrode 206 when this 
second movable electrode 204 is pulled in. 

[0107] 

With this configuration, a driving voltage to be applied to the first 
movable electrode 202 and the third movable electrode 206 can be reduced 
to be a low voltage. An electromechanical switch having a high speed 
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switching characteristic can be provided. 
[0108] 

Third Embodiment 

Next, a third embodiment of the invention is described below. FIG. 
19 is a top view illustrating an electromechanical switch according to the third 
embodiment of the invention. Similarly to the first embodiment, an 
electromechanical switch according to the third embodiment includes a 
plurality of switches having different spring forces. The third embodiment 
prevents an occurrence of a drawback that the second movable electrode 
having a strong spring force, which is in an off-state, cannot be pulled in even 
in a case where the first movable electrode is latched by the fixed electrode 
due to some failure, and that the second movable electrode is finally placed at 
an intermediate position, so that both of the first movable electrode and the 
second movable electrode are brought into an off-state, similarly to the first 
embodiment. 

[0109] 

That is, in a case where a voltage needed for latching the first 
movable electrode to the fixed electrode due to some failure is not externally 
supplied thereto, each of the first movable electrode and the second movable 

electrode goes to an intermediate position through a free vibration, so that 
both of the first movable electrode and the second movable electrode are put 

into an off-state. 

At that time, because the second movable electrode has a strong 
spring force, a high pull-in voltage is needed for pulling in the electrode in an 
off-state and latching the electrode. 
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[0110] 

The third embodiment provides the following structure to prevent 
occurrences of the above problem. 

This switch includes an input terminal 303 and two output terminals 
301 and 302, as shown in FIG. 19 illustrating the schematic configuration of 
this switch. 

The input terminal 303 is connected to a higher spring movable 
electrode 306. The output terminals 301 and 302 are connected to a first 
lower spring movable electrode 304 and a second lower movable electrode 
305, respectively. The relative magnitudes of the spring forces of the higher 
spring movable electrode, and the first and second lower movable differ from 
one another. The spring constant can be controlled according to the shape, 
the characteristic of the material, and the gap of the spring, similarly to the first 
embodiment. The movable electrodes 304 to 306 are fixed to the substrate 
by post portion 310. Also, the fist lower spring movable electrode 304 and 
the higher spring movable electrode 306 are mechanically connected to each 
other through a connecting portion 307. Similarly, the higher spring movable 
electrode 306 and the second lower spring movable electrode are 
mechanically connected to each other by a connecting portion 307. 
Additionally, a first fixed electrode 308 is formed at a region, with which the 
first lower spring movable electrode is in contact when displaced in a direction 
of the substrate, and at another region with which the higher spring movable 
electrode 306 is partly in contact when displaced in the direction of the 
substrate, 

The connecting portion 307 has a spring force smaller than the 
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spring forces of the first and second lower spring movable electrodes and is 
constituted by an insulating member. The first fixed electrode 308 and a 
second fixed electrode 309 are spatially separated from each other. Both of 
the fixed electrode 308 and the second fixed electrode 309 are sufficiently 
electrically separated from each other. Unless the higher spring movable 
electrode 306 is in contact with the first or second electrode 308 or 309, the 
isolation between the first fixed electrode 308 and the second fixed electrode 
309 is sufficiently established. 
[0111] 

Next, a basic operation of the switch is described below. The 
present embodiment is applied as an SPDT switch. However, the present 
embodiment can be applied as an SPST switch. A method of outputting a 
signal, which is inputted from the input terminal 303, to the output terminal 301 
is described below. A control signal is externally applied between the higher 
spring movable electrode 306 and the first lower spring movable electrode 
304. A difference in potential is provided between the movable electrode 
and the fixed electrode to thereby generate an electrostatic force. Then, the 
first lower spring movable electrode 304 and the higher spring movable 
electrode 306 are pulled in toward the fixed electrode. Then, the higher 
spring movable electrode 306 and the first lower spring movable electrode 
304 are in contact with and are electrically connected to the first fixed 
electrode 308. A signal inputted from the input terminal 303 is outputted from 
the output terminal 301 through the higher spring movable electrode 306, the 
first fixed electrode 308, and the first lower spring movable electrode 305. 
Similarly, in a case where the signal is outputted to an output terminal 302, it 
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is advisable to pull in the second lower spring movable electrode 305 and the 
higher spring movable electrode 306 toward the substrate, and to electrically 
connect the second lower spring movable electrode 305 and the higher spring 
movable electrode 306 to the second fixed electrode 309. 
5 [0112] 

Next, a transient operation of the switch is described by referring to 
FIG. 20. FIG. 20 shows views each of which illustrates a cross-section taken 
on line A-A' shown in FIG. 19. At a moment (a), the lower spring movable 
electrodes 304 and 305 are in an off-state. The higher spring movable 
10 electrode 306 is latched and is in contact with the first fixed electrode 308 and 
the second fixed electrode 309. In this state, the first lower spring movable 
electrode and the second lower spring movable electrode are in an off-state. 
Thus, signals are shielded. 

At that time, control signals are applied to the first and second lower 
1 5 movable electrodes. Thus, a difference in potential is provided therebetween 
to thereby generate an electrostatic force. The first lower spring movable 
electrode 304 and the second lower spring movable electrode 305 are pulled 
in toward the substrate. The first lower spring movable electrode 304 is in 
contact with and is electrically connected to the first fixed electrode 308. The 
20 second lower spring movable electrode 305 is in contact with and is 

electrically connected to the second fixed electrode 309. An insulating film is 
formed on at least one of contact surfaces between electrodes corresponding 
to each other, which are respectively selected from a set of the first lower 
spring movable electrode 304 and the second lower spring movable electrode 
25 305 and a set of the first fixed electrode 308 and the second fixed electrode 
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309, respectively, to thereby prevent a DC current from flowing. 
[0113] 

The first and second lower spring movable electrodes 304 and 305 
have small spring forces. Thus, the first and second lower spring movable 
electrodes 304 and 305 are pulled in at high speed by a minute difference in 
potential. Thus, the switch is put into an on-state at a moment (b). 

[0114] 

Next, an operation of turning off the switch, which is in this on-state, 
is described below. At a moment (b) at which the switch is in an on-state, the 
difference in potential, according to which the first and second lower spring 
movable electrodes 304 and 305 and the higher spring movable electrode 306 
are latched, is canceled. Then, the first and second lower spring movable 
electrodes 304 and 305 and the higher spring movable electrode 306 are 
released and start performing free oscillations. 
[0115] 

At that time, the higher spring movable electrode 306 having a strong 
spring force is released at high speed. However, the higher spring movable 
electrode 306 is connected to the first and second lower spring movable 
electrodes 304 and 305. Thus, a force of upwardly lifting the first and second 
lower spring movable electrodes 304 and 305 is generated at a moment (c) to 
assist the high-speed release of the first and second lower spring movable 
electrodes 304 and 305. 
[0116] 

At a moment (d), the higher spring movable electrode 306 largely 
overshoots. However, at that time, this prevents the first and second lower 
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spring movable electrodes 304 and 305, which are connected by the 
connecting portion 307, from largely overshooting. 

Further, it is advisable to latch the higher spring movable electrode 
306, which has returned to the side of the fixed electrode (that is, the first and 
second fixed electrodes 308 and 309) at a moment (f). 

[0117] 

Thus, the higher spring movable electrode 306 is connected to the 
first and second lower spring movable electrodes 304 and 305 by the 
connecting portion 307. Consequently, the overshooting can be alleviated. 
Moreover, the high speed release of the first and second lower spring 
movable electrodes 304 and 305 can be assisted. 
[0118] 

It is assumed that no voltage is applied to the electrode, which is 
adapted to latch the high spring movable electrode 306, due to some failure to 
thereby release the higher spring movable electrode 306, so that the switch is 
brought into a state shown in FIG. 21 (a) through free oscillation. A high 
voltage is needed for pulling in the higher spring movable electrode 306 
toward the side of the fixed electrodes (the first and second fixed electrodes 
308 and 309) to latch the higher spring movable electrode 306 in this state. 

Thus, first, as shown in FIG. 21(b), the first and second lower spring 
movable electrodes 304 and 305 are pulled in toward the fixed electrodes (the 
first and second fixed electrodes 308 and 309). At that time, the higher 
spring movable electrode 306 is connected to the first and second lower 
spring movable electrodes 304 and 305. Thus, the higher spring movable 
electrode 306 is displaced in the direction of the substrate. The electrostatic 
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force is proportional to a negative square of the distance, so that a voltage 
required to pull in a higher spring movable electrode 306 can be lowered. 
[0119] 

Also, in a case where a desired pull-in voltage is not obtained in this 
operation, the pull-in and the release of the first and second lower spring 
movable electrodes is repeated during the higher spring movable electrode 
performs natural vibrations. Then, the first and second lower spring movable 
electrodes are excited. The amplitude of the vibrations is increased. At a 
desired pull-in voltage, the movable electrode can be latched. 
[0120] 

The connection state of the higher spring movable electrode and the 
first and second lower spring movable electrodes, which are connected by the 
connecting portion 307, can be controlled according to the mounting position 
of the connecting portion 307. 

The movable electrode, both of the ends of which are fixed, does not 
perform oscillation with uniform amplitude in all regions. The movable 
electrode vibrates with a maximum amplitude in the vicinity of the center of the 
beam serving as a movable electrode. Conversely, the movable electrode 
hardly vibrates in the vicinity of the post portion 310. Thus, the connecting 
state of the movable electrode changes according to the position in the beam, 
at which the movable electrodes are connected to each other. In a case 
where the movable electrodes are connected to each other in the vicinity of a 
position at which the amplitude has a maximum value, the influence of the 
electrodes is maximized, so that the connection therebetween is very strong. 
That is, when the higher spring movable electrode 306 is released at a 
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moment (c) shown in FIG. 20, the release of the first and second lower spring 
movable electrodes 304 and 305 with a strong force is supported. 
Conversely, the vibrations of the movable electrodes are inhibited. The 
vibrational energy of the higher spring movable electrode 306 is lost. The 
5 amplitude in free oscillation is reduced, so that the latching voltage is 
increased. 

[0121] 

Conversely, in a case where the movable electrodes are connected 
to one another in the vicinity of the post portion 310, the state of the movable 
10 electrodes becomes close to a state in which no connecting portions 307 is 
provided. Thus, the release of the first and second lower spring movable 
electrodes is not assisted. Therefore, it is necessary to control the position of 
the connecting portion 307 to satisfy requested specifications. 

Incidentally, in the description of the present embodiment, an 
1 5 example of employing two lower spring movable electrodes has been 

described. However, similar advantages are obtained by constituting the 
switch employing only one lower spring movable electrode. 

Industrial Applicability 

20 [0122] 

The electromechanical switch according to the invention is enabled 
to operate at a low driving voltage and to turn on and off at high speed. The 
electromechanical switch according to the invention is usefully utilized as an 
RFMEMS switch, especially, an antenna diversity DPDT (Dual Pole Double 

25 Throw) switch for a wireless LAN required to perform high-speed switching. 



